Abstract. Heavy chains of IgG, IgA, and IgM classes of human immunoglobulins were compared by N-terminal residue determination and partial amino acid sequence analysis. A third subclass of the variable region of heavy chains was observed; an unblocked glutamic acid as the N-terminal residue is characteristic of this subclass. Our results indicated that the heavy chain variable region subclasses are not class specific, and that a given heavy chain variable region may be found in association with constant regions for A-chains, a-chains, or y-chains of various subclasses.
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Introduction. At least five classes of immunoglobulins, namely IgA, IgG, IgM, IgD, and IgE, are present in human serum, each possessing a multichain structure consisting of two heavy and two light chains as their basic unit.' In 1965, Dreyer and Bennett2 proposed that two genes might contribute to the synthesis of each light chain, one for the N-terminal half (the variable region) of the chain and another for the C-terminal half (the constant region) of the chain. Subsequently, several groups3-7 demonstrated the existence of subclasses of the lightchain variable region genes by sequence analysis. They showed that the K-and Xtype light chains each have their own specific subclasses of variable region genes.
Recent studies8'9 indicate that at least two genes are probably involved in the synthesis of heavy chains: these results and further inferential evidence [10] [11] [12] [13] [14] [15] [16] indicate that a given heavy chain variable region may be shared by all classes of immunoglobulins. This concept was closely examined in this paper by means of N-terminal residue determination1 and also by partial amino acid sequence analysis of heavy chains of different classes. Materials This derivative was converted into a phenylthiohydantoin by incubation in 1 N HOl for 10 min at 800C. Identification of phenylthiohydantoin amino acids was done by gas chromatography25 or amino acid analysis or thin-layer chromatography,26 or a combination of the two methods. The presence of a cystine residue did not appear to interfere with the sequencing in our cases. At positions where cystine occurred, a derivatized halfcystine residue was not detected, and may remain disulfide bridged to the polypeptide chain; however, very small amounts of phenylthiohydantoin-carboxymethyl cystine (presumably arising from partial reduction of intrachain bridges) were detected by gas chromatography.
Results. Heavy chains were examined for the presence of an unblocked Nterminal residue by the cyanate21 and dansyl chloride22'23 procedures. As is shown in Table 1 , of the total ten were blocked and six gave N-terminal glutamic acid. Four of the unblocked chains were then subjected to further sequence analysis. The results are shown in Table 2 .
Some 27-30 residues from the amino end were identified for these heavy chains; their sequences were compared with the sequences of six other human heavy chains published by one of us and by others8'9"13'27 ( Table 2 ). The number of amino acid sequence differences between any two heavy chains with unblocked glutamic acid N-terminal residues was less than 20%; in contrast, the amino acid differences observed when a heavy chain with unblocked N-terminal was compared with one with a blocked N-terminal residue amounted to more than 45%, as is shown in Table 3 . These results establish the presence of a third heavy chain variable region subclass (Subclass 3), of which an unblocked Nterminal residue is characteristic. Examination of the RNA codons28 showed that almost all amino acid differences between heavy chains of the same subclass 'ce e H :> o Q n * Ẽ~~~~~~~~~~~~rJ -can be accounted for by single-base substitutions, while double-base substitutions must be postulated for many of the amino acid differences observed between heavy chains of different subclasses (Table 4) . Discussion. Human K-and X-immunoglobulin light chains are single polypeptide chains; each appears to be the product of two separate germline genes.3'4'6 Thus the K-chain constant region is coded by a single gene,29-3' while at least three genes or subclasses of genes coding for K-chain variable regions are present in a haploid chromosome set.3 '32-34 Our data illustrate both the similarity and differences between heavy and light chain genetic control. We describe a third subclass (Subclass 3) of heavy chain variable regions. Two such subclasses have recently been reported by others.8'9 Subclass 3 is defined by five sequences studied by us ( Table 2 ). The third subclass is unusual in that the N-terminal residue is an unblocked glutamic acid residue; Subclasses 1 and 2, in contrast, have pyrrolidone carboxylic acid at this position ( Table 2 ). The subclasses can be unambiguously defined by comparison of their sequences using the criterion discussed for K-chains33 (Tables 3 and 4) . Within a subclass, the sequences in Table 2 differ at no more Eu-Ste than eight positions, at almost all of which single-base substitutions can account for the amino acid changes. In contrast, double-base substitutions must be postulated for many of the changes observed between proteins of different subclasses (Table 4) . Only one heavy chain sequence so far reported is not easily accommodated into the scheme. This is a "y3 heavy chain disease protein."5
Both K-and X-light chains can associate with Subclass 3 heavy chains ( Table  2) . So far, we have no evidence of any selective association of a subclass of heavy chain variable regions with a subclass of the variable region of light chains, although the numbers of proteins examined are still limited.
Our results clearly show that the heavy chain variable region subclasses may be found in association with constant regions specific for A-or a-chains or 'ychains of various subclasses (Tables 1 and 2 ). Studies on allotypic markers of rabbit immunoglobulin heavy chains10"'1 and limited structural studies9"4"15 had previously suggested such a sharing of variable region genes among heavychain constant regions. This sharing is in striking contrast to the mechanism of genetic control of light chain synthesis. K-Light chain constant regions are always associated with K-chain variable regions (never with X-type variable regions) and the same holds for the strict association of X-chain constant and variable regions (i.e., the kappa and lambda variable regions differ recognizably from one another). 1 Our data suggest that sharing of human variable regions occurs only with constant region genes which are probably genetically linked-namely the heavy chain genes. 36-39 Rabbit K-and X-chains carry unlinked allotypic genetic markers,40-43 probably located, at least in K-chains, in the constant region.43 '44 By analogy with the human K-and X-chains, the rabbit K-and X-chains probably do not share variable regions. Perhaps only linked constant region genes may share variable region genes.
The "two-gene-one-polypeptide chain" hypothesis now seems well established for both the heavy and light chains of immunoglobulins. This class of proteins is unique in its heterogeneity, but we know of no evidence to exclude a multiplegene-one-polypeptide chain hypothesis in the case of other mammalian proteins. Thus there is little evidence to support the concept that mechanisms operative in E. coli and yeast are completely applicable to genetic control of polypeptide chain synthesis in mammals. Our finding with the immunoglobulins may perhaps reflect a general phenomenon; fragmentary evidence45 can be interpreted as supporting a two-gene-one-polypeptide chain mechanism in hemoglobin synthesis.
This appears to be the consequence of a novel genetic mechanism ("reciprocal sharing") which is capable of producing, for example, 100 polypeptide chains with potentially different biological properties from two families of 10 structural genes-e.g., 10 for the constant region and 10 for the variable region; such a mechanism would be economical in the sense of providing maximum protein heterogeneity from a limited number of genes. This mechanism apparently differs from that regulating synthesis of light polypeptide chains. Whether a similar genetic mechanism is operative for any other mammalian protein is at this point wholly conjectural.
The sharing of heavy chain variable regions by constant regions may not be entirely random (Table 1) . Thus, the N-terminal tetrapeptide sequences of four M-chains46 do riot fall into any of the three well-described subclasses and should perhaps be assigned to a Subclass 4, which has not so far been found in association with y-or a-chains. However, Wikler et al. '3 and Wang et al.16 have more extensive data on two /.-chains-which belong to Subclasses 2 and 3 respectively. If it is real, this nonrandomness of sharing may explain the observation that certain antigens may selectively stimulate production of antibodies with constant regions of limited heterogeneity. These antibodies may occur naturally47-49 (e.g., cold agglutinins) or may be produced on deliberate immunization. Our results are compatible with the concept that all classes of antibodies produced in a single animal against a single antigenic determinant are synthesized by plasma cells derived from a common precursor clone. 16 Our results are also compatible with the existence of a switch mechanism that produces IgG- 
